We report measurements of gold circuits fabricated on four Ba,Sr,-,Ti03 ferroelectric films doped with 1% Mn grown on MgO substrates by laser ablation. Low frequency (1 MHz) measurements of E, and tan8 on interdigital capacitors are compared with high frequency measurements of phase shift and insertion loss on coupled microstrip phase shifters patterned onto the same films. The variation in temperature of both high and low frequency device parameters is compared. Annealed with amorphous buffer layer and onannealed films are compared. Room temperature figures of merit of phase shift per insertion loss of up to 58.4"/dB at 18 GHz and 400 V dc bias were measured.
INTRODUCTION
Major efforts are underway to develop new tunable microwave devices at frequencies above about 10 GHz where silicon becomes too lossy.
Inexpensive, compact low-loss devices are desired for a variety of commercial communications and military applications. Recent improvements in the deposition of thin film ferroelectrics have made these materials a candidate for these roles. At ambient temperatures, the greatest attention has been given to the ferroelectric, B%Sr,-,TiO, (BSTO). In BSTO, changing x from 0 to 1 causes the maximum of the dielectric constant to shift from 20 K to 395 K. Tunable ferroelectric devices are generally used above the Curie temperature (T,) in the paraelectric regime, where a large dielectric constant is tuned with an applied dc electric field. BSTO films suffer from a high loss tangent, which can be lowered by introducing dopants".*I. Another avenue for improving films consists of annealing to remove lattice imperfections and increase tunability"'. This paper examines four BSTO films at 1 MHz and Ku-band frequencies and as a function of temperature. The films were patterned with interdigital capacitors for low frequency measurements and coupled microstrip phase shiAers (CMPS) for high frequency measurements.
DESIGN AND EXPERIMENTAL DETAILS
These BSTO ferroelectric films were deposited using on-axis laser ablation at a temperature of 750 C and a dynamic oxygen pressure of 100 mtorr. The BSTO was deposited to a thickness of 500 nm on substrates of 508 pm thick (100) single crystal MgO. All four films were doped with 1% Manganese. Two films had Ba:Sr ratios of 5050 and the other two had 60:40. The 60:40 composition samples have a higher T,, which usually leads to higher tuning and loss at room temperature. One film of each composition was deposited with a 5 nm thick amorphous BSTO layer at room temperature first. These two films were then bomb annealed at 1100" C for 6 hours"'.
After BSTO deposition, the films were metallized using electronbeam evaporation with a 15 nm chrome (Cr) adhesion layer followed between coupled sections, s = 10 pm, and the finger width, w = 56 pm.
The total circuit length is 1 cm. In Fig. 2 , the dc bias is applied at the top two radial stubs while the bottom three stubs which include the input and output microstrips are held at ground. These phase shifters are fairly narrowband, about 12% bandwidth, and the optimal frequency of operation, fW, depends upon the E, and thickness of the ferroelectric film. A detailed discussion of the device properties has been given elsewherel''.
The device was first successfully 
RESULTS
The 1 MHz interdigital capacitor results are shown in Fig. 3 and There are several observations that can be made from the low fiequency data. While the films certainly have varying dielectric properties before annealing, it appears that the amorphous layer and annealing increases the maximum dielectric constant of these films by more than a factor of 2. The tan8 is also increased, although only by 20% in the case of the 60:40 samples. The dielectric constant is quite high with a maximum in Sample 2 of 3850, which is even higher than given at fop. the frequency of maximum tuning to insertion loss ratio, K, for each of these films. The tabulated maximum phase shift and insertion loss for a 400 V dc biasing range are given in Table I and usually leads to higher values of K. None of the films broke down at field strengths of 40 V/pm. Second, the CMPS circuits are complicated and difficult to model causing considerable uncertainty in backed out values of E, and tan& However, the maximum phase shift of 114" seen in sample 3 roughly agrees with a change in E, of 700 (e.g. from 1000 to 300) while the phase shift in Sample 1 at 16 GHz can be modeled by shifting E, from 500 to 150. These values are illustrated in Table I1 which lists IE3DI8] em simulator modeled phase shifts assuming an unbiased E,(O) of 1200. Note that phase shift of S,,, A(P(EJ, is non-linear; this structure is a more efficient phase shifter at lower E,. Furthermore, note that the CMPS losses listed in Table I are not solely due to the BSTO film. Mismatch losses vary from 0.15 dB to 0.45 dB for these devices. Conductor and radiation losses are 
